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The  thick  outer  subventricular  zone  (OSVZ)  is  characteristic  of  the  development  of  human  neocortex.
How  this  region  originates  from  the  ventricular  zone  (VZ)  is largely  unknown.  Recently,  we showed  that
over-proliferation-induced  acute  nuclear  densiﬁcation  and  thickening  of  the  VZ  in neocortical  walls  of
mice,  which  lack  an OSVZ,  causes  reactive  delamination  of  undifferentiated  progenitors  and  invasion  by
these cells  of  basal  areas  outside  the  VZ.  In this  study,  we  sought  to determine  how VZ  cells  behave  in non-
rodent  animals  that  have  an OSVZ.  A comparison  of  mid-embryonic  mice  and ferrets  revealed:  (1)  the VZ
is thicker  and more  pseudostratiﬁed  in  ferrets.  (2) The  soma  and  nuclei  of  VZ cells  were  horizontally  and
apicobasally  denser  in  ferrets.  (3)  Individual  endfeet  were  also  denser  on the  apical  (ventricular)  surfaceseudostratiﬁcation
eocortex
maging
eural progenitors
in ferrets.  (4) In ferrets,  apicalward  nucleokinesis  was less  directional,  whereas  basalward  nucleokinesis
was  more  directional;  consequently,  the  nuclear  density  in the periventricular  space  (within  16 m  of
the  apical  surface)  was  smaller  in ferrets  than  in  mice,  despite  the  nuclear  densiﬁcation  seen  basally
in  ferrets.  These  results  suggest  that  species-speciﬁc  differences  in  nucleokinesis  strategies  may  have
evolved  in  close  association  with  the  magnitudes  and  patterns  of nuclear  stratiﬁcation  in the VZ.
© 2014  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an  open  access  article  under  the CC. Introduction
The outer subventricular zone (OSVZ), which contains undiffer-
ntiated progenitor cells (OSVZ [or basal] radial glia-like cells, oRG
bRG] cells), is a characteristic developmental feature of the human
eocortex (Zecevic et al., 2005; Fietz et al., 2010; Hansen et al., 2010;
eillo et al., 2011). The OSVZ is also evident in primates (Smart
t al., 2002; Kelava et al., 2012; Betizeau et al., 2013) and ferrets
Fietz et al., 2010; Reillo et al., 2011; Martinez-Cerdeno et al., 2012;
eillo and Borrell, 2012). Although rodent neocortical primordia
o not have cytoarchitechtonically distinct OSVZ-like structures,
hey do have oRG-like progenitors (though much less abundantly
han in primates and ferrets) in regions basal to the ventricular
one (VZ), i.e., in the subventricular zone (SVZ) or intermediate
one (Shitamukai et al., 2011; Wang et al., 2011; Martinez-Cerdeno
t al., 2012; Tabata et al., 2012). How oRG cells emerge, and how
he OSVZ is maintained and expanded, are important questions
n the context of an evolutionary and pathological understanding
DOI of original article: http://dx.doi.org/10.1016/j.neures.2014.03.011.
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edicine, 65 Tsurumai, Showa, Nagoya, Aichi 466-8550, Japan.
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168-0102/© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open acce
y-nc-nd/3.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
of the human neocortex (LaMonica et al., 2012; Lewitus et al.,
2013). It is clear that oRG cells originate from the VZ, but how they
leave the VZ and accumulate basally to form the OSVZ is largely
unknown.
We  recently obtained experimental evidence that acute alter-
ations of density and/or trafﬁc of progenitor cell nuclei within the
VZ can lead to abnormal separation of a certain fraction of undif-
ferentiated progenitors from the VZ (Okamoto et al., 2013). When
we induced over-proliferation of undifferentiated (Pax6+) proge-
nitors via artiﬁcial expression of Wnt3a in early embryonic mouse
neocortical walls, nuclear packing density in the VZ increased, con-
comitant with a slight thickening of the VZ. This experimentally
induced nuclear densiﬁcation was followed by abnormal exit of
Pax6+ progenitors from the VZ and invasion by these cells into the
basal neuronal territory. Similar Pax6+ heterotopia also occurred
when we  imposed another acute physical load on VZ cells by
inhibiting their interkinetic nuclear migration (INM): progenitors
that were overcrowded periventricularly as a result of insufﬁcient
basalward nucleokinesis (due to removal of their basal processes,
induced by knockdown of the cell-surface molecule TAG-1) left the
VZ and invaded the neuronal territory. Based on further examina-
tions carried out using physical techniques (such as laser ablation),
as well as in silico mechanical simulations, we  proposed that pro-
genitors evacuate (or are forced to exit) from the VZ in response to
excessive acute mechanical stress (Okamoto et al., 2013).
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Those results, obtained in mice, and previous suggestions on
he expansion of progenitors’ proliferative zones under the inﬂu-
nce of spatial limitations (Smart, 1965; Charvet and Striedter,
011; Poluch and Juliano, 2013) together prompted us to won-
er whether the evolutionary emergence of OSVZ progenitors
ight have been inﬂuenced by mechanical factors within the VZ.
ertical mitotic spindle orientation (and resultant cytokinesis per-
endicular to the apical surface) can contribute to the supply of
on-apically-connected VZ cells that move basally and eventu-
lly adopt an oRG-like morphology (Konno et al., 2008; Postiglione
t al., 2011; Shitamukai et al., 2011; LaMonica et al., 2013); there-
ore, regulation of the cleavage orientation of stem-like cells at the
pical surface may  underlie the evolutionary changes that have
enerated OSVZ. Another factor to consider from an evolutionary
tandpoint is nuclear trafﬁc within the VZ. The neocortical VZ is
uch thicker in human than in mouse (Zecevic, 1993; Bayer and
ltman, 2006). Because the thickness of the VZ is deﬁned by the
xtent of pseudostratiﬁcation along the apicobasal axis, i.e., by how
any nuclei exhibiting INM are staggered from the apical surface
oward the basal side (Boulder Committee, 1970; Takahashi et al.,
993; Miyata, 2008; Taverna and Huttner, 2010), it is possible that
s more nuclei are stratiﬁed within the VZ (i.e., as the VZ becomes
hicker), nuclear trafﬁc in the VZ becomes heavier. If so, different
ammalian species may  have evolved different strategies for cel-
ular management of VZ nuclear trafﬁc. Therefore, it is necessary
o perform comparative studies involving quantitative analysis of
ellular behavior in the VZ.
In this study, we compared the embryonic neocortical VZ of
he ferret (a gyrencephalic mammal) and the mouse (which is
issencephalic). Although cytogenesis in the ferret neocortical pri-
ordium has previously been studied by a variety of approaches
sed widely in rodents (McSherry, 1984; Chenn and McConnell,
995; Reid et al., 1997; Chenn et al., 1998; Martinez-Cerdeno et al.,
006; Fietz et al., 2010; Martinez-Cerdeno et al., 2012; Reillo and
orrell, 2012; Poluch and Juliano, 2013), the absolute thickness of
he VZ and other parameters that might potentially relate to the
hysical condition of VZ cells have not been compared between fer-
ets and rodents. Our ﬁndings were as follows: (1) the VZ is thicker
i.e., stratiﬁes more nuclei) in ferrets than in mice. (2) The soma of
ach VZ cell was more slender (i.e., the major axis/minor axis ratio
as greater) in ferrets. (3) Horizontal nuclear packing density in the
asal part of the VZ was greater in ferrets, whereas the density in the
eriventricular area (≤16 m from the apical surface) was smaller
n ferrets. (4) The average area of individual endfeet comprising the
pical surface was smaller in ferrets. Furthermore, we performed
ean-squared displacement (MSD) analysis (Norden et al., 2009;
eung et al., 2011; Okamoto et al., 2013) on nuclear movements,
nd found that (5) both apicalward and basalward INM phases in
erret VZ are quite different from those observed in mice.
. Materials and methods
.1. Animals
Pregnant ferrets were obtained from Marshall BioResources
Tsukuba, Japan). Pregnant ICR mice were obtained from SLC
Hamamatsu, Japan). All protocols for animal experiments were
pproved by The Animal Care and Use Committee of the Nagoya
niversity.
.2. ImmunoﬂuorescenceCross-sectional and tangential immunohistochemistry were
erformed as described previously (Okamoto et al., 2013). Brains
ere ﬁxed with periodate–lysine–paraformaldehyde (PLP) ﬁxativeResearch 86 (2014) 88–95 89
(McLean and Nakane, 1974), immersed in 20% sucrose, embed-
ded in OCT compound (Miles), frozen, and sectioned coronally and
tangentially (16 m).  Frozen sections were treated with the follow-
ing primary antibodies: anti-Pax6 (rabbit, PRB-278P, COVANCE),
anti-ZO-1 (mouse, 33-9100, Invitrogen), or anti-GFP (rat, 04404-84,
Nacalai Tesque; chick, GFP-1020, Aves Labs). After washes, sec-
tions were treated with secondary antibodies conjugated to Alexa
Fluor 488, Alexa Fluor 546, or Alexa Fluor 647 (Molecular Probes,
A-11029, A-11006, A-11034, A-11030, A-11035, A-11081, A-21236,
A-21245) and subjected to confocal microscopy (Olympus FV1000).
2.3. Plasmids
For live observation, sporadic visualization was achieved by
electroporation with a mixture of conditional expression plas-
mids, EFX-LPL-LynN-EGFP (0.5 g/l)  and BA-LPL-H2B-mRFP1
(0.5 g/l), and a Cre-recombinase expression plasmid, EFX-cre
(0.001 g/l), as described previously (Okamoto et al., 2013).
2.4. Exo utero electroporation
Pregnant ferrets were anesthetized with isoﬂurane and sub-
jected to exo utero surgery (Muneoka et al., 1986) so that
exteriorized embryos (E28–29) could be clearly recognized. Elec-
troporation was performed as previously described (Saito and
Nakatsuji, 2001; Kawasaki et al., 2012), with some modiﬁcations.
DNA solution containing Fast Green was injected bilaterally into
the lateral ventricle. The head of each ferret embryo was  placed
between electrodes (3-mm diameter, forceps type; CUY650P3,
NEPAGENE), and 55-V electric pulses were applied four times.
2.5. In utero electroporation
In utero electroporation was performed using pregnant ICR
mice, as described previously (Okamoto et al., 2013). Forceps-type
disk electrodes (3-mm diameter) were used, and 33-V electric
pulses were applied four times.
2.6. Live observation of neural progenitor cells
Cross-sectional and en face cultures of cerebral walls were
prepared from ferret and ICR mouse embryos as described pre-
viously (Miyata et al., 2004; Okamoto et al., 2013). Ferret and
mouse cerebral walls, labeled by electroporation and treatment
with the lipophilic styryl dye FM4-64 (Kawaue et al., 2014), were
microsurgically processed and mounted in glass-bottomed dishes
using collagen gel. Time-lapse confocal microscopy was  performed
using an inverted CV1000 system (Yokogawa) with a 40× objective
lens (UPLFLN 40XD, numerical aperture (NA) 0.75, Olympus) or an
upright CSU-X1 microscope (Yokogawa) with a water-immersion
20× objective lens (XLUMPlanFLN 20XW, NA 1.00, Olympus)
equipped with an iXon + CCD camera (Andor). Chambers for on-
stage culture were ﬁlled with 40% O2.
2.7. Quantitative analysis of nuclear migration
Mean-square displacement was  obtained from time-dependent
changes of nuclear position along the apicobasal axis, as
described previously (Okamoto et al., 2013). To the mean-
squared-displacement proﬁles, we ﬁt the power-law model
MSD  (t) = 2D t˛, where t is time, D is diffusivity (mobil-
ity), and  ˛ is directionality. D and  ˛ were estimated by
linear regression of ln(MSD) versus ln(t) (using KaleidaGraph):
ln(MSD(t)) = ln(2D) +  ˛ ln(t),  and the intercept and slope
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orrespond to ln(2D) and ˛, respectively (Norden et al., 2009; Leung
t al., 2011; Okamoto et al., 2013).
.8. Quantitative measurement in histological specimens
For measurements of VZ thickness and nuclear stratiﬁcation
long the apicobasal axis, coronal sections (128-m intervals) were
mmunostained with anti-Pax6. Measurement was performed at
he midpoint between the dorsal-most border of the pallium and
he palliostriatal angle. Comparisons between ferrets and mice
ere performed using ﬁve (mouse) or six (ferret) sections cov-
ring the central (somatosensory) part of each hemisphere. Four
emispheres were examined in each species.
.9. Statistical analysis
Data are presented as mean ± s.e.m. and were analyzed by the
ann–Whitney U test.
. Results
.1. The neocortical ventricular zone (VZ) is thicker and more
seudostratiﬁed in ferret than in mouse
To investigate the differences between the neocortical VZ of
erret and mouse, we performed histological analysis of the VZ
n both species. For this comparison, we chose a mid-embryonic
eriod during which Layer V and Layer VI neurons are commonly
enerated in a variety of mammalian species (Clancy et al., 2001),
13.5 in mice (Takahashi et al., 1999) and E29–30 in ferrets (Luskin
nd Shatz, 1985; Noctor et al., 1997; Reid et al., 1997). We  ﬁrst
canned cerebral walls in coronal sections, immunostained for the
ndifferentiated progenitor cell marker Pax6 in order to visualize
he VZ, in ferret and mouse cerebral hemispheres (Fig. 1A and B).
he thickness of the VZ was measured in the dorsolateral part of
he pallium at 128-m intervals from anterior to posterior of the
erebral hemispheres (Fig. 1C). We  used the data from the central
art of each cerebral hemisphere for comparison, considering the
ossibility that the section is cut into oblique in the anterior and
osterior of the cerebral hemisphere. The average thickness in fer-
et VZ was greater than that in mouse VZ (P = 8.4E−7) (Fig. 1D). We
ext counted the number of rows of Pax6+ nuclei along the apico-
asal axis in the VZ (Fig. 1E and F). The degree of stratiﬁcation of
uclei in ferret VZ (consisting of up to 16 rows of nuclei) was  greater
han that in mouse VZ (up to 12 rows of nuclei, P = 1.3E−8) (Fig. 1F).
he apicobasal density of Pax6+ nuclei in ferret VZ was  13.5 cells
er 100 m,  and that in mouse VZ was 12.6 cells per 100 m.
We next prepared live cortical coronal slices and stained them
sing FM4-64 to visualize the plasma membrane. We then mea-
ured the length of the major axis (height) and the minor axis
width) in the cell body of progenitor cells in order to calculate
he aspect ratio, deﬁned as the ratio of major and minor axes
Fig. 1G). Cell bodies were more slender in ferret VZ (aspect ratio,
.0 ± 0.09) than in mouse VZ (aspect ratio, 2.0 ± 0.05; P = 6.2E−15)
Fig. 1H). These data demonstrated quantitatively that the thickness
nd degree of the stratiﬁcation of nuclei in ferret VZ were greater
han those in mouse VZ.
.2. Nuclei/somata and apical endfeet are more densiﬁed
orizontally in ferret than in mouse
We  found that the nuclei of progenitor cells in ferret VZ were
ensiﬁed apicobasally, and that the somata were slendered along
he apicobasal axis (Fig. 1). Therefore, it would be expected that
hese nuclei would be densiﬁed horizontally. To test this predic-
ion, we investigated horizontal cell density in ferret and mouse VZ. Research 86 (2014) 88–95
To this end, we  tangentially sectioned neocortical VZs from ferret
and mouse and counted the numbers of Pax6+ nuclei in tangential
sections taken at 16-m intervals from the apical surface (Fig. 2A
and B). The density of Pax6+ nuclei 16 m from the apical surface in
ferret VZ (18.6 nuclei/1000 m2) was  lower than that in mouse VZ
(24.2 nuclei/1000 m2, P = 0.0088) (Fig. 2B). By contrast, densities
of nuclei at more basal parts of the VZ in ferret (at 64 m:  28.7
nuclei/1000 m2, at 80 m:  27.8 nuclei/1000 m2) were higher
than those in mouse (at 64 m:  24.8 nuclei/1000 m2, P = 0.0088;
at 80 m:  22.1 nuclei/1000 m2, P = 0.0090) (Fig. 2B). Pax6+ nuclei
were more tightly packed in ferret VZ than those in mouse VZ.
Furthermore, ferret nuclei exhibited a polygonal shape, whereas
mouse nuclei exhibited a round or elliptical shape (Fig. 2A, magni-
ﬁcation); the polygonal shape of the nuclei in ferret may  reﬂect the
greater horizontal densiﬁcation in this species.
Although the basal parts of the VZ in ferret were densiﬁed due
to the presence of many progenitor cell nuclei, the nuclear density
near the apical surface was lower in ferret VZ than in mouse VZ
(Fig. 2B). We  observed live tangential sections of FM4-64-stained
VZ in ferret, 16 m from the apical surface (Fig. 2C). In these images,
the gray circular areas represent tangential sections of the nuclei
and cell bodies, and the lighter-colored ﬁne mesh represent tan-
gential sections of the apical processes of the surrounding VZ cells.
In the periventricular space, the percentage of these images occu-
pied by nuclei and cell bodies was lower in ferret than in mouse
(Fig. 2C). We  previously showed using time-lapse-imaging analysis
of the periventricular area that cell bodies disappeared as a result
of basalward nuclear movement (Okamoto et al., 2013). The lower
proportion of the image area occupied by cell bodies in the ferret
periventricular space raises the possibility that the initial basalward
nucleokinesis may  be faster in ferret.
We  next compared the apical-junction meshwork of undifferen-
tiated progenitor cells, detected by immunostaining for anti-ZO-1,
between ferret and mouse (Fig. 2D). The averaged apical area
of cerebral walls was smaller in ferret (1.77 ± 0.07 m2) than in
mouse (2.94 ± 0.14, P = 1.9E−14) (Fig. 2E). Furthermore, the density
of apices in ferret (396.4 apices/1000 m2) was higher than that in
mouse (275.6 apices/1000 m2, P = 0.0495). Together, the histolog-
ical observations showed that nuclear packing density was  greater
in most of the ferret VZ, with the exception of the periventricular
area, than in mouse VZ.
3.3. Nuclear movements to and from the apical surface differ
between mouse and ferret
To investigate how undifferentiated progenitor cells behave in
the thickened, stratiﬁed, and densiﬁed neocortical VZ of ferret, we
analyzed INM in ferret and mouse progenitor cells using a live-
imaging technique. We  cross-sectionally live-imaged cerebral wall
slices prepared from E29–30 ferrets and E13.5 mice whose progen-
itor cells had been labeled by exo utero or in utero electroporation
(Fig. 3A and B and Movies 1 and 2). Slices were prepared from the
central part corresponding to regions subjected to measurement of
VZ thickness and nuclear density. In both species, cross-sectional
live observations revealed that the nuclei of cells that were likely in
G2 phase (blue arrows) migrated toward the apical surface, where
they each produced two  daughter cells; subsequently, the nuclei of
the G1-phase daughter cells (magenta and green arrows) migrated
toward the basal side. The apicalward-migrating nuclei of G2-like
cortical progenitor cells in ferret (0.26 m/min) moved much more
slowly than those in mouse (0.50 m/min, P = 6.8E−6) (Fig. 3A and
B). In ferret, these nuclei ﬂuctuated near the apical side of the VZ,
as revealed by nuclear tracking (Fig. 3B).
Supplementary Movies 1 and 2 can be found, in the online ver-
sion, at http://dx.doi.org/10.1016/j.neures.2014.10.006.
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Fig. 1. Comparison of the thickness and pseudostratiﬁcation of the VZ between ferret and mouse. (A and B) Anti-Pax6–immunostained coronal sections of cerebral hemi-
spheres  in E29 ferret (A) and E13.5 mouse (B) were arranged sequentially from anterior to posterior at 128-m intervals. The VZ of the cerebral wall was visualized by Pax6
immunostaining. Arrowheads indicate regions subjected to measurement. Scale bar: 200 m.  (C) Thickness of VZs in ferret (n = 4) and mouse (n = 4). The thickness of the VZ
was  measured in the dorsolateral part of the pallium. (D) Comparison of the thickness of VZ in the central regions of cerebral hemispheres along the anterior–posterior axis.
The  VZ in ferret was  much thicker than that in mouse (P = 8.4E−7, Mann–Whitney U test). (E) The nuclei of the VZ were immunostained with anti-Pax6 antibody in ferret and
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couse. Scale bar: 50 m.  (F) The degree of stratiﬁcation of Pax6+ nuclei was greate
f  cortical walls were live stained with FM4-64 to visualize plasma membranes. Sc
alculated in ferret (n = 68) and mouse (n = 72). Cell bodies of VZ cells in ferret were
To quantitatively demonstrate this difference in nuclear move-
ents between ferret and mouse, we calculated the MSD, which
as been used for the evaluation of nuclear movement patterns in
he previous studies of zebraﬁsh neuroepithelium (Norden et al.,
009) and mouse cortical progenitor cells (Okamoto et al., 2013).
he MSD  graph showed that the nuclei of apicalward-migrating
ells in ferret exhibited more random tendencies (i.e., a linear MSDrret VZ than in mouse VZ (P = 1.3E−8, Mann–Whitney U test). (G) Coronal sections
r: 20 m.  (H) The aspect ratio (height/width) of progenitor cell bodies in (G)  was
basally longer than those in mouse (P = 6.2E−15, Mann–Whitney U test).
pattern), whereas those in mouse exhibited more directional ten-
dencies (supralinear MSD  pattern), consistent with the results of
our previous study in mouse (Okamoto et al., 2013). Furthermore,
we estimated  values, which are an indicator of the direction-
ality or randomness of nuclear movement (Norden et al., 2009;
Okamoto et al., 2013), in the migrating nuclei of these cells (fer-
ret: n = 17, mouse: n = 13). The nuclei of apically migrating cells in
92 M. Okamoto et al. / Neuroscience Research 86 (2014) 88–95
Fig. 2. Comparison of the horizontal/tangential densities of nuclei and endfeet between ferret and mouse VZ. (A) Anti-Pax6-immunostained tangential sections of VZs of E29
ferrets  and E13.5 mice were arranged sequentially from the apical surface at 16-m intervals. Right panel shows high-magniﬁcation images of the section at a distance of
64  m.  Scale bars: 20 m.  (B) Densities of Pax6+ nuclei were plotted in each section. The density of nuclei in ferret was lower in the periventricular area, but higher in the
basal  parts of the VZ, than that in mouse. 16 m:  P = 0.0088; 64 m: P = 0.0088; 80 m:  P = 0.0090 (Mann–Whitney U test). (C) Live observation of tangential sections 16 m
from  the apical surface. Plasma membranes were stained with FM4-64. Round gray regions represent the nuclei and cell bodies; lighter-colored mesh represents the apical
processes of the surrounding VZ cells. Scale bars: 10 m.  (D) Anti-ZO-1 immunostaining showing the apical-junction meshwork of cerebral walls in ferret and mouse. Scale
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lars:  5 m. (E) Graph showing the averaged area of the apex of each progenitor c
ere  larger than apices in mouse cerebral walls (n = 213) (P = 1.9E−14, Mann–Whit
he  density of apices in ferret was larger than that in mouse (P = 0.0495, Mann–Wh
erret moved in a more random manner ( = 1.36 ± 0.07), whereas
he nuclei of apically migrating cells in mouse moved in a more
irectional manner ( = 1.81 ± 0.08, P = 0.00021) (Fig. 3C and D).
y contrast, the basalward-migrating G1-phase nuclei of daughter
ells in ferret ( = 1.81 ± 0.03) moved in a more directional manner
han those in mouse ( = 1.67 ± 0.05, P = 0.013) (Fig. 3C and D).
Previous studies in mouse showed that the basal process of
ach apically dividing M-phase progenitor cell is inherited by one
f the two daughter cells (Miyata et al., 2001), and that the nuclei
f basal process-inheriting daughter cells moved basally more
apidly and directionally than the nuclei of non-process-inheriting
aughter cells (Okamoto et al., 2013). In ferret, process-inheriting
aughter cell nuclei ( = 1.81 ± 0.03) moved faster than their
on-process-inheriting sister cell nuclei ( = 1.65 ± 0.05)
P = 0.0040) (Fig. 3C and D); these results were similar to those
btained in mouse in this study (process-inheriting daughter
uclei:  = 1.67 ± 0.05; non-process-inheriting sister cell nuclei:
 = 1.53 ± 0.06, P = 0.043) and in our previous study (Okamoto et al.,
013). These results demonstrate that although the differential
uclear departure mechanism mediated by the basal process
Okamoto et al., 2013) is conserved in ferret, overall INM differs
igniﬁcantly between developing ferret and mouse progenitor cells.. Discussion
The vertebrate central nervous system develops by accumu-
ation of neurons in the outer (basal) region of the primordialndfoot in ferret and mouse cerebral walls. Apices in ferret cerebral walls (n = 312)
 test). (F) Graph showing the densities of apices in ferret and mouse cerebral walls.
U test).
brain wall. Neural progenitor cell somata/nuclei stay in the inner
(apical) region, which assumes a neuroepithelial structure and is
called the ventricular zone (VZ). In this region, neural progenitors
exhibit elevator-like, to-and-fro nuclear movements called interki-
netic nuclear migration (INM) (Schaper, 1897; Sauer, 1935; Sauer
and Walker, 1959; Sidman et al., 1959; Fujita, 1962). Studies of the
mechanisms underlying INM have shown that both microtubule-
and actomyosin-dependent mechanisms are involved (reviewed in
Miyata, 2008; Taverna and Huttner, 2010; Kosodo, 2012; Reiner
et al., 2012; Spear and Erickson, 2012; Lee and Norden, 2013).
One of the essential roles of INM is prevention of overcrowding in
the VZ, thereby ensuring the aforementioned normal segregation
between neurons and progenitors, as well as subsequent forma-
tion of ordered neuronal layers (Okamoto et al., 2013). Comparative
studies in mammals have revealed similarities in VZ gene expres-
sion patterns across multiple species; for example, undifferentiated
progenitors express Pax6, and VZ structure can be visualized as a
Pax6+ band, in a variety of mammalian brains. However, the results
of this study demonstrate, through a comparison between mouse
and ferret, that intra-VZ cellular dynamics can differ concomitantly
with thickening and densiﬁcation of the VZ.
We have recently reported that the apicalward nuclear move-
ments exhibited by G2-phase progenitors in the mouse neocortical
VZ are highly directional (i.e., quick and persistent until reach-
ing the apical surface), with non-linear MSD  proﬁles and high
 ˛ values (Okamoto et al., 2013), very similar to the directional
apicalward nucleokinesis seen in zebraﬁsh retina and brain stem
M.  Okamoto et al. / Neuroscience Research 86 (2014) 88–95 93
Fig. 3. Comparison of the nuclear movements to and from the apical surface between ferret and mouse cortical progenitor cells. (A) Live monitoring of progenitor cell
nuclear movement in ferret and mouse (Movies 1 and 2). Cyan arrows indicate apicalward-migrating nuclei, whereas magenta and green arrows indicate the basalward-
migrating nuclei of the two daughter cells (magenta: process-inheriting cell, green: non-process-inheriting cell). (B) Comparative nuclear tracking of ﬁve representative
clones undergoing apicobasal movement in ferret and mouse. (C and D) MSD  analysis (C) and  ˛ values (D) for tracked nuclei in ferret (n = 17 clones) and mouse (n = 13 clones)
progenitor cells. Averaged  ˛ for apicalward nucleokinesis was  smaller in ferret (1.36 ± 0.07) than in mouse (1.81 ± 0.08) (P = 2.1E−4, Mann–Whitney U test). Averaged  ˛ for
basally moving nuclei was  greater in ferret (1.73 ± 0.03) than in mouse (1.60 ± 0.04) (P = 0.0050, Mann–Whitney U test). (For interpretation of the references to color in this
ﬁgure  legend, the reader is referred to the web version of this article.)
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Norden et al., 2009; Leung et al., 2011). By contrast, the basal-
ard nucleokinesis exhibited by G1-phase mouse VZ cells is less
irectional (i.e., cells tended to hesitate along the apicobasal axis).
eﬂecting the morphologically asymmetric division of progeni-
ors at the apical surface, in which each progenitor passes on its
asal process to one of its two daughters (Miyata et al., 2001), ini-
ial basalward nucleokinesis is more directional in daughter cells
hat inherit the basal process (“BP”) than in daughter cells that do
ot (“nonBP”) (Okamoto et al., 2013). Accordingly, the directional-
ty (  ˛ value) of nucleokinesis in the mouse neocortical VZ can be
anked in the following order: apicalward > BP-basalward > nonBP-
asalward (Fig. 3C). Because basalward nucleokinesis in zebraﬁsh
Z is rather non-directional (or slightly directional only in the initial
hase) (Norden et al., 2009; Leung et al., 2011), the directionality
xhibited by mouse G1-phase VZ cells suggests that the mam-
alian VZ, which is thicker than zebraﬁsh VZ, may adopt a unique
trategy for nuclear trafﬁcking.
Surprisingly, though in some ways consistent with the
ouse–zebraﬁsh difference, the MSD  analysis in this study demon-
trated that directionality (  ˛ value) in the mid-embryonic ferret
eocortical VZ can be ranked in a different order than in mouse:
P-basalward > nonBP-basalward > apicalward (Fig. 3C). This ﬁnd-
ng suggests that although a basal process-mediated mechanism
or differential initiation of nucleokinesis (Okamoto et al., 2013)
eems to be conserved between mice and ferrets (Fig. 3C and D),
trategies for balancing ﬂows to and from the apical surface may
iffer between these species. Ferret–mouse comparisons at each
hase of nucleokinesis suggested that the basalward phase is rela-
ively accelerated, whereas the apicalward phase is decelerated, in
errets. Since the length of G2 phase in ferret VZ has not been mea-
ured at the stage for which the present analysis was made, further
tudies are required to determine whether this deceleration that
e observed simply reﬂects slower apicalward nucleokinesis dur-
ng G2 phase only or it might also involve possible ferret-speciﬁc
ovement of S-phase cells’ nuclei. It is possible that these changes
n nuclear migration play a role in the VZ thickening observed in fer-
ets. It is also possible that nuclear densiﬁcation in the VZ affects the
ode of INM, resulting in the ferret-speciﬁc nucleokinesis patterns.
his comparative study of ferret and mouse provides a solid basis
or further cellular and molecular investigations of INM dynam-
cs and nuclear densiﬁcation in the mammalian VZ, which should
acilitate understanding of the mechanisms underlying the expan-
ion or duplication of progenitor regions (Smart, 1965; Charvet and
triedter, 2011; Poluch and Juliano, 2013) and the emergence of
RG cells. Further comparative quantiﬁcation covering all develop-
ental stages with attentions to possible regional differences will
lso be fruitful.
cknowledgements
We thank K. Ota, M.  Kuroda, and M.  Masaoka for excellent tech-
ical assistance. This work was supported by Japan Ministry of
ducation, Culture, Sports, Science and Technology Grant-in-Aid
or Scientiﬁc Research on Innovative Areas “Cross-talk between
oving cells and microenvironment as a basis of emerging order”
2111006 (T.M.) and Japan Society for the Promotion of Science
JSPS) Grant-in-Aid for Young Scientists (B) 23700378 (M.O.).
eferences
ayer, S.A., Altman, J., 2006. The Human Brain During the Late First Trimester. CRC
Press Taylor & Francis Group.
etizeau, M., Cortay, V., Patti, D., Pﬁster, S., Gautier, E., Bellemin-Menard, A., Afanassi-
eff, A., Huissoud, C., Douglas, R.J., Kennedy, H., Dehay, C., 2013. Precursor
diversity and complexity of lineage relationships in the outer subventricular
zone of the primate. Neuron 80, 442–457. Research 86 (2014) 88–95
Boulder Committee, 1970. Embryonic vertebrate nervous system: revisited termi-
nology. Anat. Rec. 166, 257–262.
Charvet, C.J., Striedter, G.F., 2011. Causes and consequences of expanded subven-
tricular zones. Eur. J. Neurosci. 34, 988–993.
Chenn, A., McConnell, S.K., 1995. Cleavage orientation and the asymmetric inher-
itance of Notch1 immunoreactivity in mammalian neurogenesis. Cell 82,
631–641.
Chenn, A., Zhang, Y.A., Chang, B.T., McConnell, S.K., 1998. Intrinsic polarity of mam-
malian neuroepithelial cells. Mol. Cell. Neurosci. 11, 183–193.
Clancy, B., Darlington, R.B., Finlay, B.L., 2001. Translating developmental time across
mammalian species. Neuroscience 105, 7–17.
Fietz, S.A., Kelava, I., Vogt, J., Wilsch-Brauninger, M.,  Stenzel, D., Fish, J.L., Corbeil, D.,
Riehn, A., Distler, W.,  Nitsch, R., Huttner, W.B., 2010. OSVZ progenitors of human
and ferret neocortex are epithelial-like and expand by integrin signaling. Nat.
Neurosci. 13, 690–699.
Fujita, S., 1962. Kinetics of cellular proliferation. Exp. Cell Res. 28, 52–60.
Hansen, D.V., Lui, J.H., Parker, P.R., Kriegstein, A.R., 2010. Neurogenic radial glia in
the outer subventricular zone of human neocortex. Nature 464, 554–561.
Kawaue, T., Sagou, K., Kiyonari, H., Ota, K., Okamoto, M.,  Shinoda, T., Kawaguchi, A.,
Miyata, T., 2014. Dev. Growth Differ., http://dx.doi.org/10.1111/dgd.12131.
Kawasaki, H., Iwai, L., Tanno, K., 2012. Rapid and efﬁcient genetic manipulation of
gyrencephalic carnivores using in utero electroporation. Mol. Brain 5, 24.
Kelava, I., Reillo, I., Murayama, A.Y., Kalinka, A.T., Stenzel, D., Tomancak, P., Mat-
suzaki, F., Lebrand, C., Sasaki, E., Schwamborn, J.C., Okano, H., Huttner, W.B.,
Borrell, V., 2012. Abundant occurrence of basal radial glia in the subventricular
zone of embryonic neocortex of a lissencephalic primate, the common marmoset
Callithrix jacchus. Cereb. Cortex 22, 469–481.
Konno, D., Shioi, G., Shitamukai, A., Mori, A., Kiyonari, H., Miyata, T., Matsuzaki, F.,
2008. Neuroepithelial progenitors undergo LGN-dependent planar divisions to
maintain self-renewability during mammalian neurogenesis. Nat. Cell Biol. 10,
93–101.
Kosodo, Y., 2012. Interkinetic nuclear migration: beyond a hallmark of neurogenesis.
Cell. Mol. Life Sci. 69, 2727–2738.
LaMonica, B.E., Lui, J.H., Wang, X., Kriegstein, A.R., 2012. OSVZ progenitors in the
human cortex: an updated perspective on neurodevelopmental disease. Curr.
Opin. Neurobiol. 22, 747–753.
LaMonica, B.E., Lui, J.H., Hansen, D.V., Kriegstein, A.R., 2013. Mitotic spindle ori-
entation predicts outer radial glial cell generation in human neocortex. Nat.
Commun. 4, 1665.
Lee, H.O., Norden, C., 2013. Mechanisms controlling arrangements and movements
of  nuclei in pseudostratiﬁed epithelia. Trends Cell Biol. 23, 141–150.
Leung, L., Klopper, A.V., Grill, S.W., Harris, W.A., Norden, C., 2011. Apical migra-
tion of nuclei during G2 is a prerequisite for all nuclear motion in zebraﬁsh
neuroepithelia. Development 138, 5003–5013.
Lewitus, E., Kelava, I., Huttner, W.,  2013. Conical expansion of the outer subventricu-
lar zone and the role of neocortical folding in evolution and development. Front.
Human Neurosci. 7, 424.
Luskin, M.B., Shatz, C.J., 1985. Studies of the earliest generated cells of the cat’s visual
cortex: cogeneration of subplate and marginal zone. J. Neurosci. 5, 1062–1075.
Martinez-Cerdeno, V., Noctor, S.C., Kriegstein, A.R., 2006. The role of intermediate
progenitor cells in the evolutionary expansion of the cerebral cortex. Cereb.
Cortex 16, i152–i161.
Martinez-Cerdeno, V., Cunningham, C.L., Camacho, J., Antczak, J.L., Prakash, A.N.,
Cziep, M.E., Walker, A.I., Noctor, S.C., 2012. Comparative analysis of the subven-
tricular zone in rat, ferret and macaque: evidence for an outer subventricular
zone in rodents. PLoS ONE 7, e30178.
McLean, I.W., Nakane, P.K., 1974. Periodate–lysine–paraformaldehyde ﬁxative. A
new ﬁxation for immunoelectron microscopy. J. Histochem. Cytochem. 22,
1077–1083.
McSherry, G.M., 1984. Mapping of cortical histogenesis in the ferret. J. Embryol. Exp.
Morph. 81, 239–252.
Miyata, T., Kawaguchi, A., Okano, H., Ogawa, M.,  2001. Asymmetric inheritance of
radial glial ﬁbers by cortical neurons. Neuron 31, 727–741.
Miyata, T., Kawaguchi, A., Saito, K., Kawano, M.,  Muto, T., Ogawa, M., 2004. Asymmet-
ric  production of surface-dividing and non-surface-dividing cortical progenitor
cells. Development 131, 3133–3145.
Miyata, T., 2008. Development of three-dimensional architecture of the neuroep-
ithelium: role of pseudostratiﬁcation and cellular ‘community’. Dev. Growth
Differ. 50 (Suppl. 1), S105–S112.
Muneoka, K., Wanek, N., Bryant, S.V., 1986. Mouse embryos develop normally exo
utero.  J. Exp. Zool. 239, 289–293.
Noctor, S.C., Scholnicoff, N.J., Juliano, S., 1997. Histogenesis of ferret somatosensory
cortex. J. Comp. Neurol. 387, 179–193.
Norden, C., Young, S., Link, B.A., Harris, W.A., 2009. Actomyosin is the main driver of
interkinetic nuclear migration in the retina. Cell 138, 1195–1208.
Okamoto, M.,  Namba, T., Shinoda, T., Kondo, T., Watanabe, T., Inoue, Y., Takeuchi,
K.,  Enomoto, Y., Ota, K., Oda, K., Wada, Y., Sagou, K., Saito, K., Sakakibara,
A., Kawaguchi, A., Nakajima, K., Adachi, T., Fujimori, T., Ueda, M.,  Hayashi, S.,
Kaibuchi, K., Miyata, T., 2013. TAG-1-assisted progenitor elongation stream-
lines nuclear migration to optimize subapical crowding. Nat. Neurosci. 16,
1556–1566.Poluch, S., Juliano, S.L., 2013. Fine-tuning of neurogenesis is essential for the
evolutionary expansion of the cerebral cortex. Cereb. Cortex, http://dx.doi.
org/10.1093/cercor/bht232.
Postiglione, M.P., Juschke, C., Xie, Y., Haas, G.A., Charalambous, C., Knoblich, J.A.,
2011. Mouse inscrutable induces apical–basal spindle orientation to facilitate
ience 
R
R
R
R
S
S
S
S
S
SM.  Okamoto et al. / Neurosc
intermediate progenitor generation in the developing neocortex. Neuron 72,
269–284.
eid, C.B., Tavazoie, S.F., Walsh, C.A., 1997. Clonal dispersion and evidence for asym-
metric cell division in ferret cortex. Development 124, 2441–2450.
eillo, I., de Juan Romero, C., Garcia-Cabezas, M.A., Borrell, V., 2011. A role for
intermediate radial glia in the tangential expansion of the mammalian cerebral
cortex. Cereb. Cortex 21, 1674–1694.
eillo, I., Borrell, V., 2012. Germinal zones in the developing cerebral cortex of fer-
ret: ontogeny, cell cycle kinetics, and diversity of progenitors. Cereb. Cortex 22,
2039–2054.
einer, O., Sapir, T., Gerlitz, G., 2012. Interkinetic nuclear movement in the ventri-
cular zone of the cortex. J. Mol. Neurosci. 46, 516–526.
aito, T., Nakatsuji, N., 2001. Efﬁcient gene transfer into the embryonic mouse brain
using in vivo electroporation. Dev. Biol. 240, 237–246.
auer, F.C., 1935. Mitosis in the neural tube. J. Comp. Neurol. 62, 377–405.
auer, M.E., Walker, B.E., 1959. Radiographic study of interkinetic nuclear migration
in the neural tube. Proc. Soc. Exp. Biol. Med. 101, 557–600.
chaper, A., 1897. The earliest differentiation in the central nervous system of ver-
tebrates. Science 5, 430–431.
hitamukai, A., Konno, D., Matsuzaki, F., 2011. Oblique radial glial divisions in the
developing mouse neocortex induce self-renewing progenitors outside the ger-
minal zone that resemble primate outer subventricular zone progenitors. J.
Neurosci. 31, 3683–3695.
idman, R.L., Miale, I.L., Feder, N., 1959. Cell proliferation and migration in the prim-
itive ependymal zone; an autoradiographic study of histogenesis in the nervous
system. Exp. Neurol. 1, 322–333.Research 86 (2014) 88–95 95
Smart, I.H.M., 1965. The operation of ependymal ‘choke’ in neurogenesis. J. Anat. 99,
941–943.
Smart, I.H., Dehay, C., Giroud, P., Berland, M.,  Kennedy, H., 2002. Unique morpho-
logical features of the proliferative zones and postmitotic compartments of the
neural epithelium giving rise to striate and extrastriate cortex in the monkey.
Cereb. Cortex 12, 37–53.
Spear, P., Erickson, C., 2012. Interkinetic nuclear migration: a mysterious process in
search of a function. Dev. Growth Differ. 54, 306–316.
Tabata, H., Yoshinaga, S., Nakajima, K., 2012. Cytoarchitecture of mouse and human
subventricular zone in developing cerebral neocortex. Exp. Brain Res. 216,
161–168.
Takahashi, T., Nowakowski, R.S., Caviness Jr., V.S., 1993. Cell cycle parameters and
patterns of nuclear movement in the neocortical proliferative zone of the fetal
mouse. J. Neurosci. 13, 820–833.
Takahashi, T., Goto, T., Miyama, S., Nowakowski, R.S., Caviness Jr., V.S., 1999.
Sequence of neuron origin and neocortical laminar fate: relation to cell cycle
of  origin in the developing murine cerebral wall. J. Neurosci. 19, 10357–10371.
Taverna, E., Huttner, W.B., 2010. Neural progenitor nuclei in motion. Neuron 67,
906–914.
Wang, X., Tsai, J.-W., LaMonica, B., Kriegstein, A., 2011. A new subtype of progenitor
cell in the mouse embryonic neocortex. Nat. Neurosci. 14, 555–561.Zecevic, N., 1993. Cellular composition of the telencephalic wall in human embryos.
Early Human Dev. 32, 131–149.
Zecevic, N., Chen, Y., Filipovic, R., 2005. Contributions of cortical subventricular
zone to the development of the human cerebral cortex. J. Comp. Neurol. 491,
109–122.
